Several lines of evidence suggest that the agaricoid, non-ectomycorrhizal members of the family Hygrophoraceae (waxcaps) are biotrophic with unusual nitrogen nutrition. However, methods for the axenic culture and lab-based study of these organisms remain to be developed, so our current knowledge is limited to field-based investigations. Addition of nitrogen, lime or organophosphate pesticide at an experimental field site (Sourhope) suppressed fruiting of waxcap basidiocarps. Furthermore, stable isotope natural abundance in basidiocarps were unusually high in 15 N and low in 13
Summary
Several lines of evidence suggest that the agaricoid, non-ectomycorrhizal members of the family Hygrophoraceae (waxcaps) are biotrophic with unusual nitrogen nutrition. However, methods for the axenic culture and lab-based study of these organisms remain to be developed, so our current knowledge is limited to field-based investigations. Addition of nitrogen, lime or organophosphate pesticide at an experimental field site (Sourhope) suppressed fruiting of waxcap basidiocarps. Furthermore, stable isotope natural abundance in basidiocarps were unusually high in 15 N and low in 13 C, the latter consistent with mycorrhizal nutritional status. Similar patterns were found in waxcap basidiocarps from diverse habitats across four continents. Additional data from 14 C analysis of basidiocarps and 13 C pulse label experiments suggest that these fungi are not saprotrophs but rather biotrophic endophytes and possibly mycorrhizal. The consistently high but variable δ 15 N values (10-20‰) of basidiocarps further indicate that N acquisition or processing differ from other fungi; we suggest that N may be derived from acquisition of N via soil fauna high in the food chain.
Originality-significance statement
This manuscript presents the results of experiments to elucidate the nutritional biology of soil-dwelling Hygrophoraceae (waxcaps). This major group of agaricoid fungi is primarily known from undisturbed grassland habitats where they are dominant components of the soil fungal community, more abundant than arbuscular mycorrhizal fungi (Detheridge et al., 2018) . However, their resistance to axenic culture has hindered study of their biology, so they are often (by default) considered as saprotrophs. Here we combine field surveys assessing the effects of agricultural manipulations on fruiting with isotopic ( 
Introduction
Members of the agaric family Hygrophoraceae exhibit diverse nutritional strategies, ranging from lichenised forms associated with both green algae (Lichenomphalia spp.) and cyanobacteria (Dictyonema spp.) to ectomycorrhizal (ECM) taxa (Hygrophorus spp.) (Agerer, 2006; Seitzman et al., 2011; Lodge et al., 2014) . However, the nutritional strategies of several genera within this family are less certain, notably the soil-dwelling taxa Hygrocybe, Cuphophyllus, Gliophorus, Humidicutis, Chromosera, Neohygrocybe and Porpolomopsis (Griffith et al., 2002; Halbwachs et al., 2013a; Lodge et al., 2014) . Though associated with undisturbed grasslands in Europe Halbwachs et al., 2013a) , at a global level they are more commonly associated with forest habitats but not with tree species that form ectomycorrhizas (Seitzman et al., 2011; Lodge et al., 2014) . Here we use the term 'waxcap' to refer to soil-dwelling Hygrophoraceae not known to be ectomycorrhizal or lichenised (Boertmann, 2010) .
In the European context, interest in the Hygrophoraceae stems mainly from their high conservation value, as they only fruit (often abundantly) in undisturbed grasslands. Waxcap basidiocarps are much rarer or absent in grasslands subject to agricultural intensification so these fungi have suffered large-scale habitat loss, especially in lowland areas. Recent investigation of grassland fungi using DNA metabarcoding has shown that Hygrophoraceae are amongst the most abundant fungi in undisturbed grassland soils (Detheridge et al., 2018) . However, the effects of fertilizer or lime additions, whilst widely reported to inhibit waxcap fruiting, have not been rigorously quantified. Thus, a better understanding of their nutritional requirements and ecological interactions would be beneficial to halt further losses.
Waxcaps are generally referred to as 'saprotrophs' in the mycological literature (Keizer, 1993; and they are currently listed as such in FUNguild (Nguyen et al., 2015) (github.com/UMNFuN/FUNGuild), most likely by default (i.e. lack of published evidence to the contrary). However, several lines of evidence now suggest that they are biotrophic, similar to their lichenised and ectomycorrhizal relatives in family Hygrophoraceae, amongst which they are interspersed (Seitzman et al., 2011; Lodge et al., 2014) . They have fastidious nutritional requirements, as evidenced by their recalcitrance to axenic culture and the failure of their spores to germinate on various agar media (Beisenherz, 2000; Griffith and Roderick, 2008; Roderick, 2009) . They can colonize the root hairs of grassland plants and their DNA has been detected within plant tissues (Halbwachs et al., 2013b; Tello et al., 2014) . Furthermore, their fruiting is inhibited by the killing of associated vegetation using herbicides (Griffith et al., 2014) .
Evidence is accumulating that the diversity of mycorrhizal or biotrophic relationships between fungi and plants is greater than previously expected, now including diverse members of Sebacinales, Helotiales, Ceratobasidiales and others (Veldre et al., 2013; Behie and Bidochka, 2014; Weiss et al., 2016) . For example, Austroboletus forms mycorrhizal associations with Eucalyptus without root penetration (Kariman et al., 2014) and Cortinarius spp. associate with Carex and other non-shrubby hosts (Harrington and Mitchell, 2002) . There is much discussion about whether all these should be considered mycorrhizal (Heijden et al., 2015) , as for the great majority the reciprocal exchange of nutrients has yet to be demonstrated. Wilson (1995) , in attempting to clarify the status of root-associated fungi, suggested that the term 'endophyte' should be applied to fungi for which morphological root adaptations and reciprocal nutrient transfer had not been demonstrated. As the exact nature of the biotrophy of waxcap fungi is unclear, here we use the term endophyte (sensu Wilson) , where endophytism acts as a symbiotic "waiting room" (as coined by Selosse and Martos, 2014) from which tighter mycorrhizal mutualism may evolve. Indeed, paraphyletic evolution of the ectomycorrhizal habit has occurred within the Hygrophoraceae, with members of Hygrophorus forming typical ectomycorrhizas with both deciduous and coniferous hosts (Lodge et al., 2014) . This, and the phylogenetic position of waxcaps within Hygrophoraceae (Lodge et al., 2014) , raise the possibility that the common ancestors of Hygrophorus and waxcaps were endophytic and that the former evolved the ectomycorrhizal habit following association with trees.
Stable isotope signatures of carbon and nitrogen (expressed as δ 13 C and δ 15 N) have been used to examine the nutritional strategies, trophic position and feeding behaviours of diverse organisms (Boecklen et al., 2011) . Waxcap basidiocarps exhibit distinctive C and N isotopic natural abundance patterns, being depleted in 13 C and enriched in 15 N relative to confirmed saprotrophic macrofungi from the same habitats (Griffith et al., 2002; Seitzman et al., 2011) . Ectomycorrhizal (ECM) basidiomycetes also exhibit 13 C depletion and 15 N enrichment relative to saprotrophic species (Taylor et al., 1997; Kohzu et al., 1999; Taylor et al., 2003) .
For carbon isotopes, such patterns are explained by 13 C partitioning within woody plants, with 13 C preferentially partitioned to plant cellulose relative to soluble sugars, and these representing the primary carbon source for saprotrophic fungi and ECM fungi respectively (Kohzu et al., 1999) . For nitrogen, 14 N acquired by ECM fungi from sources in the soil is preferentially transferred to hosts, leading to 15 N enrichment within the fungal mycelia (Hobbie and Högberg, 2012) . However, 15 N enrichment in basidiocarps varies widely among the diverse groups of ECM fungi. It is also noteworthy that in cases where plants obviously and heavily rely on ECM fungi as nitrogen source (full and partial mycoheterotrophs among the Orchidaceae and Ericaceae), these exhibit 15 N enrichment rather than depletion (Gebauer and Meyer, 2003; Zimmer et al., 2007) . Whilst internal isotopic fractionation can partially explain the observed differences in δ 13 C and δ 15 N profiles of basidiocarp tissues, isotopic analyses can additionally provide insight into which sources of C and N are being accessed (Gebauer and Taylor, 1999; Preiss and Gebauer, 2008 ). Thus we hypothesise that fungi whose tissues are particularly high in δ 15 N derive N from sources which are themselves high in 15 N. This was shown using paired natural abundance and 15 N tracer measurements on ectomycorrhizal fungi in a pine forest (Hobbie et al., 2014 ). An additional method for determining the sources from which macrofungi derive organic carbon is via radiocarbon analysis. This method relies on the spike of atmospheric 14 CO 2 resulting from the hydrogen bomb tests of 1957-1963 which declined gradually over the following 50 years to near pre-bomb levels due to photosynthetic uptake by plants. The steep annual decline in atmospheric 14 CO 2 allows accurate estimation of the date at which the carbon present in biological tissues had been fixed by photosynthesis by calibration with 14 C in atmospheric CO 2 and plant materials. Hobbie et al. (2002) and Chapela et al. (2001) have previously used this radiocarbon approach to test the mycorrhizal status of ectomycorrhizal fungi, finding that the 14 C signature of accepted ectomycorrhizal species was similar to that found in atmospheric CO 2 0-2 years previously, whereas the 14 C signature of saprotrophic species matched that of atmospheric CO 2 from 2-50 years prior to sample collection.
Apart from the utility of greater understanding of the nutritional biology of waxcaps in conservation efforts, their unusual patterns of 15 N enrichment (Griffith et al., 2002; Seitzman et al., 2011) suggests a hitherto unknown trophic strategy which merits further investigation. The negative effects of agricultural soil amendments on waxcap fruiting may be linked to changes in interactions with host plants or other members of the soil biota.
In the present study, we present data from fruitbody surveys at a grassland experimental site where several agricultural treatments were applied, alongside isotopic analyses of basidiocarps from a broad range of global habitats, to test the hypothesis that waxcap fungi are mutualistic root endophytes and to determine what sources of soil N they may have accessed.
Results

Effect of fertilizer/lime/biocide additions on waxcap fruiting
The negative effects of synthetic fertilizers on the fruiting of waxcaps have been anecdotally reported Boertmann, 2010) but hitherto not rigorously demonstrated. Therefore, the occurrence of waxcap basidiocarps was monitored over a 5-year period at the Sourhope NERC Soil Biodiversity site. Twelve species of Hygrophoraceae from three genera (Cuphophyllus [3] , Gliophorus [3] and Hygrocybe [6]) were found on the Sourhope plots with six additional species found outside plots but within the fenced 1 ha experimental area ( Fig. 1 ; Supporting information S1). Cuphophyllus pratensis comprised 63% of the approximately 4000 basidiocarps recorded over the five survey years, followed in abundance by Gliophorus laetus (17%) and Hygrocybe ceracea (12%). All treatments clearly affected basidiocarp abundance, with a threefold or greater reduction in basidiocarp abundance relative to controls for addition with nitrogen, lime, chlorpyrifos or nitrogen plus lime (Fig. 1) . Fruiting varied widely among years due to climatic variations. Basidiocarp numbers between replicate plots also varied, probably due to the large size and longevity of these organisms; this may have masked any differences in the response of particular species or genera to the experimental treatments.
Whilst synthetic nitrogen fertilizer and the chlorpyrifos (Dursban) biocide were applied at standard agricultural levels, lime was applied at five times the usual rate, leading to a substantial increase in pH on limed plots, from 4.5 in 1999 to > 7 in 2003 (Supporting information S1). As the waxcap species present at Sourhope are also found in calcareous grasslands, the negative effect of lime application is unlikely to be due solely to intolerance of high pH. However, application of lime to acid soils also mobilizes key nutrients, notably P, and also alters core soil processes such as nitrification or nitrogen fixation. Furthermore, the additive effects of nitrogen and lime application ( Fig. 1) suggest that the deleterious effect of lime on fruiting related to changes in N cycling in these soils, consistent with the findings of Kuan et al.(2006) (Evans, 2007; Clemmensen et al., 2013) .
Natural abundance δ 15 N in waxcap basidiocarps
Sourhope. During field surveys at Sourhope and other sites, all basidiocarps (waxcap and any others) were mapped.
Representative samples from each plot and each survey visit were collected and dried, and a subset of these were sent for isotopic analysis. Basidiocarp caps collected from control plots at Sourhope had high δ
15
N values, ranging from 11.7 to 20.6‰ (mean = 15.2 AE 2.2‰; n = 42; Table 1 ; Supporting information S3), substantially greater than that generally found in basidiocarps of other agaric fungi that have been studied, including ECM taxa (Taylor et al., 1997; Kohzu et al., 1999; Hobbie and Agerer, 2010) but consistent with earlier studies of δ 15 N in waxcaps (Griffith et al., 2002; Seitzman et al., 2011) . Known saprotrophic taxa were much lower in δ 15 N (12 spp.; mean = 1.8 AE 3.3‰; n = 17; Supporting information S3), the only sample within the range of the waxcaps being Agaricus langei (δ 15 N = 12.5‰). The basidiocarps analysed included samples from a range of ages (unopened caps to fully mature) but δ 15 N did not differ significantly among different age classes (Supporting information S4a), as has been reported previously for ectomycorrhizal fungi (Taylor et al., 1997) . As in other agaric fruitbodies (Taylor et al., 1997) , the 15 N enrichment was greater in cap tissue compared to stipe (Supporting information S4b), by 2.7 AE 1.7‰. This is consistent with the higher N content of caps compared to stipes (6.8 AE 1.53% N vs. 3.4 AE 0.8) and probably results from the greater protein content of the former, with the N component of the latter mainly present in the structural polymer chitin and glycoproteins.
At Sourhope, a few basidiocarps were found on plots treated with ammonium nitrate (Supporting information S3). As synthetic fertilizer made from N 2 via the Haber-Bosch process has a δ 15 N value close to zero (Bateman and Kelly, 2007) , it might be expected that basidiocarps formed on these plots would accordingly be lower in δ 15 N. However, C. pratensis basidiocarps showed similarly enriched 15 N profiles compared to those from control plots (mean 15.1 AE 1.8‰ vs. 15.2 AE 2.2‰ respectively; Fig. 4 ).
Other sites in Europe. Similar patterns for isotopic values of waxcap basidiocarps from Sourhope were found in further analysis of samples from upland and lowland grassland sites in Wales, England, Germany, Iceland and Italy (Table 1; Supporting information S3), including a wider range of species (23 species in 5 genera; Fig. 5 ). All showed very similar patterns of 15 N enrichment in Wales (14.9 AE 2.0‰; n = 36; 10 sites), England (16.3 AE 2.4‰; n = 26; 4 sites), Bavaria (14.6 AE 1.7‰; n = 155; 2 sites) and Liguria (14.2 AE 1.5‰; n = 24; 2 sites) but samples from Iceland were less highly enriched (10.2 AE 1.7‰; n = 10; 2 sites). Excluding Iceland, there was consistent 15 N enrichment, with all but one (H. cantharellus, Bavaria; 6.1‰) of the 302 basidiocarps sampled having a δ 15 N signature greater than 10‰ (range 10.9-20.9‰). There was neither significant difference in δ 15 N values for samples from the five genera and 21 species Data for 54 species from 12 countries are presented below (across six genera of Hygrophoraceae); Nine samples were not identified to species level). The total of 386 samples include 25 (in italic font) from two published studies (Gabon, Tedersoo et al., 2012; USA, Seitzmann et al., 2011) . B16, with replicate number in brackets. Samples with δ15N values below 7.5‰, and below 5‰ are indicated in bold font and light or dark grey respectively. within grassland Hygrophoraceae, nor did grassland type significantly affect δ 15 N (lowland vs. upland). In Europe, waxcaps are only rarely encountered beyond grassland habitats but four samples from UK woodlands were similarly enriched in 15 N (14.2 AE 1.9‰; n = 4) to grassland samples. However, two samples of C. lacmus from a stand of pure heather on Lundy Island were slightly lower in δ 15 N (ca. 9.5‰), whilst two samples of H. cantharellus from a boggy upland site vegetated with Sphagnum moss had very low δ 15 N values (0.5 and 1.8‰) (Supporting information S3, and 5). In previous work, the ectomycorrhizal genus Hygrophorus Trudell et al., 2004) (Lodge and Cantrell, 1995) ;
Published data for waxcaps are also available for two additional sites in Africa (primary lowland rainforest, Gabon; (Tedersoo et al., 2012) and coniferous forest/swamp in the United States (Harvard Forest, Massachusetts; (Seitzman et al., 2011) ; data from these studies was also included in our analyses (Table 1) .
Across all five areas, δ C curve allowed more accurate dating. The calibrated midpoint ages for A. campestris and C. amianthinum were 5.0 and 4.4 years, suggesting that basidiocarp carbon was derived from organic matter formed several years earlier (Table 2) . However, for the three Hygrophoraceae, the midpoint 14 C age was younger, in two cases a few months but for the third it was 1.8 years.
Discussion
Host range of waxcap fungi
In Europe, waxcap fungi are predominantly associated with grassland habitats (Halbwachs et al., 2013a) . This partly relates to the unusual nature of European grasslands, which are largely sub-climax ecosystems, in which succession to woodland has been prevented by human activity or large mammalian herbivores (Vera, 2000) , whereas afforestation of grassland ecosystems in other continents is prevented by low or episodic rainfall. In the temperate and boreal systems dominated by trees which host ECM fungi, waxcaps are encountered only rarely (Hesler and Smith, 1963) . However, forest systems at lower latitudes are generally dominated by non-ECM tree species and waxcaps are widespread in such habitats. In the present study, many samples were obtained from forests dominated by non-ECM (and predominantly AMassociated; Wang and Qiu, 2006; Tedersoo and Nara, 2010) Lauraceae in New Zealand and the Canary Islands. Quantitative data was not obtained but waxcaps are clearly more commonly encountered here than in more northerly ECM-dominated habitats. Toju et al. (2014) detected several Hygrocybe spp. in Japanese forests containing significant amounts of Lauraceae (19%; Neolitsia, Litsea, Machilus), all from the roots of nonfagaceous (non-ECM) plants. Thus waxcaps appear to avoid ectomycorrhizal plants (Halbwachs et al., 2013a) , a phenomenon also seen in some European grasslands when ectomycorrhizal shrubs such as Helianthemum are present (Griffith et al., 2013) . If mycorrhizal, then these observations suggest that waxcaps cannot associate with ECM hosts or cannot compete with ECM fungi.
The absence of any consistent group of host plants, in contrast to ECM and ericaceous mycorrhizal fungi, is the main reason that waxcaps have been classified as saprotrophs. Suggestions of their putative hosts have often pointed to bryophytes (Griffith et al., 2002; Seitzman et al., 2011; Lodge et al., 2014) , as some waxcaps, mostly in Hygrocybe Section Cocciniae (Lodge et al., 2014) , commonly associate with Sphagnum, especially in boreal locations (Boertmann, 2010 Sphagnum, and the low δ 15 N values for these at diverse locations, suggests a biotrophic interaction atypical of those more commonly found amongst waxcaps. This may relate to the important role of cyanobacteria in the nitrogen nutrition of Sphagnum (Berg et al., 2013) . Mosses are also abundant in many European 'waxcap' grasslands, with Rhytidiadelphus squarrosus being the second most commonly associated species (after Agrostis capillaris) in Welsh grasslands (Griffith et al., 2014) . At Sourhope, this moss comprised 17% of total cover in control plots (Supporting information S1), however, at other waxcap-rich grasslands in the UK, for example Park Grass (Silvertown et al., 2006) , mosses are present at only low abundance, as they are from laurisilvan forests and tropical wet forests. Killing of mosses with FeSO 4 did not affect waxcap fruiting (Griffith et al., 2014) . In laurel forests at La Palma where waxcaps are commonly found, mosses are largely absent. Taken together these lines of evidence suggest that the putative hosts may include both mosses and a potentially diverse array of higher plants.
The biotrophic status of waxcap fungi
The additional δ 13 C natural abundance data presented here confirm for many waxcap species from diverse habitats across the world that the basidiocarps of these fungi are consistently more depleted in 13 C (mostly −26 to −30‰) than are those of ECM (Taylor et al., 1997; Taylor et al., 2003) . They are also depleted in 13 C relative to saprotrophic taxa examined here from grassland habitats across the UK (−24.9 AE 1.6‰), as well as saprotrophs from other, mostly woodland, habitats (Kohzu et al., 1999; Taylor et al., 2003) . This is consistent with the possibility that waxcaps, like other members of the Hygrophoraceae, are biotrophs deriving organic C from plant hosts rather than from soil organic matter.
We did not undertake extensive analyses of associated soil and vegetation but at Sourhope δ 13 C values for the dominant plant Agrostis capillaris (mean leaf and root δ 13 C -27.8‰ and − 27.3‰, respectively; n = 3; Supporting information S6) and soil (−26 to −27‰ at Sourhope and increasing with soil depth; Figs. 2 and 3; Supporting information S6) were depleted in 13 C relative to basidiocarps of saprotrophs at Sourhope (−25.1 AE 1.4‰; n = 43), consistent with the preferential loss of 12 C as CO 2 during microbial catabolism of organic matter (Kohzu et al., 1999) . In contrast, mean δ 13 C values for waxcap tissues at Sourhope (−28.4 AE 0.7‰) were, however, similar to vegetation and slightly depleted in 13 C relative to soil by ca. 2‰. If waxcaps are saprotrophic, it is difficult to explain why they are depleted in 13 C relative to soil, and distinct from known saprotrophs. Thus the most parsimonious explanation for the 13 C natural abundance patterns reported here is that that they derive C directly from plant photosynthate.
We used the steep annual decline in atmospheric 14 CO 2 during the 1970-1980s to estimate accurately the date at which the carbon present in fungarium basidiocarps had been fixed by photosynthesis. The 14 C age of the waxcap samples analysed was 0-2 years, whereas for two saprotrophic grassland fungi, the 14 C age was 4-5 years. These 14 C dates for waxcaps are consistent with the use of recently fixed C such as photosynthate, and not consistent with the use of soil organic matter which contains C fixed many years earlier (Chapela et al., 2001; Hobbie et al., 2002) . Fungal colonization of senescent or recently dead roots cannot be excluded, since this would also have a recent 14 C signature. Hobbie et al. (2002) found that fresh conifer needles were unexpectedly enriched in 14 C, dating to 0-3 years prior to collection, and they discussed the various factors that could account for both this and the similar dating of 14 C in basidiocarps of known mycorrhizal species, including anaplerotic fixation of CO 2 (Wingler et al., 1996) , internal recycling of C within mycelial systems and uptake of C from soil amino acids by fungi. However, Treseder et al. (2006) found no evidence of transfer of 14 C from labelled litter to ECM fungi. As part of the NERC Soil Biodiversity Initiative, a 13 CO 2 pulse labelling facility was established at Sourhope during (Staddon et al., 2003 . We collected basidiocarps formed near the pulse points to test whether any 13 CO 2 fixed by plants within the pulse domes was later incorporated into waxcap basidiocarps formed nearby. A single heavily-labelled basidiocarp of C. pratensis (δ 13 C 92.3‰; Supporting information S7) was detected 20 cm from one pulse dome (14 days after the 4-6 h pulse). Johnson et al. (2002) established ingrowth cores (with root but not hyphal in-growth prevented by 35 μm mesh) within the pulse domes and showed that 13 CO 2 from microbial respiration within the cores was significantly reduced if cores had been rotated to disrupt hyphal connections. They ascribed this respiration to arbuscular mycorrhizal fungi (AMF) but this respiration could also have been by mycelia of waxcaps, a possibility supported by DNA metabarcoding studies which consistently find AMF abundance (< 5%) in undisturbed grasslands to be lower than that of waxcaps and other fungal groups (Geml et al., 2014; Jumpponen and Jones, 2014; Detheridge et al., 2018) . Treonis et al. (2004) used the same pulsing system to monitor incorporation of 13 C from labelled CO 2 into microbial phospholipid fatty acids (PLFAs). The most heavily labelled PLFA was 18:2ω6,9 which is the dominant PLFA in basidiomycetes (> 80% of total PLFAs) and present at only low abundance (< 2%) in AMF (Baldrian et al., 2013) . These observations are consistent with the other isotopic data presented above, suggesting that waxcaps can access recently fixed photosynthate.
Isotopic enrichment of 15 N in waxcap basidiocarps
The consistently high level of 15 N enrichment reported here (Table 1) , significantly higher than values for soil and vegetation which we also analysed ( Fig. 4 ; Supporting information S6), is not found in any other group of basidiomycetes, though similarly high values are found for some ascomycetes (Tuber spp.) associated with mycoheterotrophic orchids (Schiebold et al., 2017) . More than > 40% of the > 250 samples reported here were enriched beyond 15‰ and most samples below 10‰ are either associated with Sphagnum or are within Hygrocybe Section Cocciniae, as described above. ECM basidiocarps enriched in δ 15 N are widely reported (mostly falling within the range + 3 to +9‰), however, values above 10‰ are unusual (Trudell et al., 2004) . There has been much discussion about why ECM basidiocarps are enriched in 15 N, and also why ECM fungi belonging to different genera are variably enriched in 15 N relative to atmospheric N 2 and the bulk substrate (Trudell et al., 2004; Hobbie and Agerer, 2010) . One probable factor for some 15 N enrichment in ECM fungi is the preferential supply of lighter 14 N to the host due to fractionation against 15 N during transamination (glutamine-glutamate shuttle) at the mycorrhizal interface (Emmerton et al., 2001; . Such transamination reactions discriminate strongly against 15 N (Handley and Raven, 1992) . Transamination from glutamine is also involved in chitin synthesis (via glucosamine:fructose-6-phosphate aminotransferase; EC2.6.1.16; (Ram et al., 2004) and the fractionation against 15 N during glucosamine synthesis explains the lower 15 N enrichment of more chitin-rich stipe tissues in waxcaps (by 0.7-5.4‰; Supporting information S4), relative to the more protein-rich cap tissues. Similar differences in δ 15 N between caps and stipes are reported for basidiocarps of many other fungi including ECM (Taylor et al., 1997; . Although the N content of chitin is low (6.3%) compared to protein (ca. 15%), it comprises a significant proportion of total biomass in filamentous fungi (5%-10% of cell dry weight; (Free, 2013) and thus represents an important pool of N. The dynamics of chitin catabolism and internal recycling in fungi are not well understood (Merzendorfer, 2011) but recent genome data can provide valuable insights. For example, the model ECM species Laccaria bicolor contains genes encoding chitinase/hexosaminidase (EC3.2.1.14/EC3.2.1.52) which mediates release of N-acetylglucosamine monomers but it lacks the requisite genes for further breakdown [N-acetylglucosamine-6-phosphate deacetylase (EC3.5.1.25) and glucosamine-6-phosphate deaminase (EC3.5.99.6)] which are present in the genomes of most saprotrophic fungi hitherto studied (http://www.genome.jp/kegg). This suggests, for this species at least, that once incorporated into chitin, this N is not released back to the protein/inorganic pool.
To explain the wide range of taxon-specific δ 15 N values in the basidiocarps of ECM fungi, Hobbie and Agerer (2010) correlated these differences with the nature and extent of the underlying mycelial system (www.deemy.de; (Rambold and Agerer, 1997) . Taxa having more extensive exploratory mycelia formed basidiocarps which were more enriched in 15 N (Supporting information S8). They N values for basidiocarps could be explained by high levels of transfer of N to hosts or by high investment in cell wall material (i.e. extensive mycelial systems). Whether this is a feature of all mycorrhizal association is unclear as both (Merckx et al. (2010) and Courty et al. (2015) did not find evidence of such 15 N partitioning in AMF symbioses.
Recent DNA metabarcoding analysis of undisturbed grasslands in the UK has shown that waxcaps alongside Clavariaceae comprise 40%-70% of the total fungal biomass present in these soils, with waxcap mycelia present at ca. 0.5-1.5 mg.g −1 dw. soil (Detheridge et al., 2018) . This is consistent with observations of large numbers of waxcap basidiocarps, sometimes forming large fairy rings (Griffith et al., 2014) . In contrast, ECM-forming Hygrophoraceae (Hygrophorus spp.) form only limited mycelial networks (www.deemy.de; (Agerer, 2006) , consistent with their low δ 15 N signatures (Seitzman et al., 2011) .
For some ECM,
15
N enrichment of basidiocarps has been linked to 15 N depletion in tissues of the host plants (Högberg et al., 1996; Hobbie and Högberg, 2012) . However, this may prove challenging to demonstrate for waxcaps due to their apparently diverse host associations and the absence of any visible soil mycelial networks (Halbwachs et al., 2013b) . Nevertheless, δ 15 N values for European waxcaps were 12.5‰ higher than those of saprotrophs inhabiting the same grasslands. The latter obtain their nitrogen from plant litter and soil with lower 15 N content (Gebauer and Taylor, 1999) and the disparity suggests that waxcaps use nitrogen sources different from those accessed by saprotrophic fungi.
N sources accessed by waxcaps
It has long been suggested that one reason for the drastic reduction in the numbers of 'waxcap' grasslands in Europe is the widespread use of synthetic fertilizers in agriculture. However, this has not hitherto been rigorously demonstrated. At the Sourhope field experiment, application of ammonium nitrate at standard agricultural rates caused a threefold reduction in the abundance of waxcap basidiocarps and even greater reduction when applied in conjunction with lime (Fig. 1) .
The fact that these differences were consistently found over a five-year period suggests that such changes are linked to long term decline of fungal mycelium in soil. ECM fruiting declined along a nitrogen deposition gradient (< 15 kg N.ha −1 years −1 ), (Lilleskov et al. (2001 (Lilleskov et al. ( , 2002 with the more nitrogen-sensitive species, for example Cortinarius spp., preferentially using organic N sources. The authors also observed that basidiocarp δ 15 N values were positively correlated with mineral N levels in soil. However, our data did not reveal any such correlation, with δ 15 N values of waxcap basidiocarps similar for N-amended plots and from control plots (Fig. 4) .
As noted above, the species examined by Lilleskov et al. (2002) were all culturable and able to use ammonium as sole N source. Waxcaps remain uncultured, so it has not been possible to test directly their ability to utilize inorganic N, though our field data suggest not. Nitrate or ammonium (or the redox intermediates of these) could be toxic to waxcaps but it is also possible that other soil microbes out-competed waxcaps for ammonium and nitrate in the amended plots. The synergistic inhibition by nitrogen and lime on waxcap fruiting points towards outcompetition for resources by bacterial populations, as the ratio of fungi to bacteria (F:B ratio; (Bardgett et al., 1996) is known to correlate positively with pH. Dawson et al. (2003) reported a fourfold increase in bacterial numbers on N/L plots compared to control plots at Sourhope, whereas populations of culturable fungi remained constant, as did fungal PLFA levels (Murray et al., 2006 ). The fractionation mechanisms described above and the Hobbie/Agerer two-pool model provide only a partial explanation of the high δ (Dijkstra et al., 2006; Evans, 2007; Hobbie and Ouimette, 2009) . Such sources would at least partly originate from organisms high in the food chain: the higher the 15 N signature of an organism, the higher its position in the food chain (Griffith, 2004; Boecklen et al., 2011) . We consider it highly unlikely that N is obtained from any plants, since these have consistently low δ 15 N values (−3 to +5‰; Supporting information S2; (Temperton et al., 2012) . However, more plausible alternate sources could also include microbe-derived N in the form of highly recycled amino acids, amino sugars or protein-N continuously recycled and mopped up by microbes (as N fragments or whole amino acids) such that the lifetime of these labile compounds in soils is thereby extended (Gleixner et al., 2002; Bol et al., 2009) . Such an argument would explain their occurrence only in undisturbed grasslands where soil processes over decadal timescales have accumulated old organic matter reserves in deeper soil strata. However, this explanation ignores the higher organic N content towards the upper, more accessible surface horizons.
The fivefold reduction in waxcap fruiting at Sourhope following application of the pesticide chlorpyrifos offers potential insight into the N metabolism of waxcaps. This acetylcholinesterase inhibitor is toxic to invertebrates, with for instance earthworms exhibiting sublethal effects at standard application rates (Pelosi et al., 2014) . There is no evidence of direct inhibition of fungal growth/differentiation by chlorpyrifos at the levels applied here (338 mg.m-2 .year −1 ; Supporting information S1), so this finding suggests a hitherto undescribed interaction between waxcaps and soil animals. Dawson et al. (2003) quantified microbial PLFA at Sourhope and reported a substantial (sevenfold) decrease in fungal biomass on biocide plots. This raises the possibility that waxcaps may derive N from soil invertebrates and are inhibited in fruiting (and possibly mycelial growth) by the absence of such food sources. Several agaric fungi can derive N from invertebrates (Barron and Thorn, 1987) , including the ectomycorrhizal Laccaria laccata, which can consume collembolans and transfer N from such sources to host plants (Klironomos and Hart, 2001) . Similarly, Metarrhizium spp. and other claviceptaceous entomopathogens can transfer insect-derived N to diverse host plants (Behie et al., 2012) . Nitrogen derived from soil animals may also explain not only the highly elevated δ N values for C. pratensis across control plots varied by 8‰ (12-20‰), similar to that found for this species at a global scale. Even for basidiocarps forming part of the same fairy ring there was 3-4‰ variation (Supporting information S3), suggesting a high level of spatial heterogeneity in the N sources accessed. The only known insect-associated fungus at Sourhope was Cordyceps militaris, a pathogen of lepidopteran larvae. Ascocarps of this species from control plots at Sourhope were high and variable in δ 15 N (8.0 AE 2.4‰, n = 3; Supporting information S3).
A meta-analysis of δ 15 N values in soil invertebrates by Tiunov (2007) suggested that many are elevated in 15 N, ranging from +6.5 to +9.3‰, with predators occupying higher trophic levels in food webs being more enriched in 15 N (Supporting information S9). With regards to which invertebrates might be the source of waxcap N, surveys of soil invertebrates in biocide plots at Sourhope found severe effects on certain groups (e.g. tipulids) and lesser negative effects on other taxa (enchytraeids, nematodes, tardigrades) (Dawson et al., 2003; Cole et al., 2006) . The most abundant invertebrates are earthworms and dipteran larvae, which together typically accounted for >70% of total animal biomass (Murray et al., 2009) . Bishop et al. (2008) found the endogeic species Allolobophora chlorotica to be the most abundant earthworm at Sourhope (40 individuals.m −2 on control plots), whilst Neilson et al. (2000) found this species to be the most highly enriched in 15 N (8-10‰) of all the earthworm species at several of the grassland sites they studied. Similarly, Schmidt et al. (2004) found that this and other endogeic earthworms and Enchytraeidae were the most highly enriched in 15 N (11-15‰; Supporting information S9).
We estimated invertebrate biomass in Sourhope control plots using published data (earthworms, collembolans, enchytraeids; Table 1 
Conclusions
Here, we provide evidence from isotopic studies and field experiments that not only do these fungi obtain C directly from plant photosynthate but that they are potentially mycorrhizal. The diversity of habitats occupied by waxcap fungi suggests that they can form associations with a diverse range of host plants and their absence from habitats dominated by ECM suggests that they are outcompeted in such habitats. The N nutrition of waxcaps is clearly unusual but their elevated δ 15 N signatures were remarkably conserved at a global level, with rare exceptions restricted to a few species within genus Hygrocybe and possible association with bryophyte hosts. Within the context of their elevated δ 15 N signatures, we were unable to pinpoint the cause of the high variability in δ 15 N but we propose that this is linked to their ability to utilize diverse N sources which vary in δ 15 N, and which include soil invertebrates. However, it is also possible hitherto undiscovered uptake or loss processes leading to extreme levels of 15 N fractionation may be involved. In the absence of any axenic/monoxenic culture system for waxcaps, it is likely that further elucidation of the mechanisms involved must be obtained from genomic data and compound-specific isotopic investigations.
Experimental methods
Field sites and plot treatments at Sourhope
An upland grassland (Rigg Foot, Sourhope, Kelso, Scotland; Lat/Long: 55.470 , −2.231 ; altitude: 310 m; the focus of the NERC Soil Biodiversity Programme) was the main field site used in this study. The site had previously been under pasture for at least 50 years with no fertilizer additions and is classified as U4d (Festuca-AgrostisGalium) in the UK National Vegetation classification (Supporting information S1 (Fitter et al., 2005) . Grass was cut to 6 cm at 3 week intervals (six cuts from May to September) and clippings were removed (Supporting information S1). Basidiocarp surveys were conducted over a five-year period (2001-2005) with 2-5 visits annually (12-26 days apart) between early September and early November. Names used for fungal species are in agreement with IndexFungorum.
Sampling and isotopic analyses
Isotopic analyses were conducted on cap (pileus) tissues of dried basidiocarps. Samples observed during field surveys were picked, dried within 24 h of collection in a ventilated drying cabinet at <40 C and stored desiccated at the Aberystwyth University Fungarium (code ABS). Identification of samples was based on macroscopic and microscopic examination according to Boertmann (2010) . Subsamples of cap tissue were excised from these and ground for isotopic analysis. Further details of sampling locations and the species analysed are given in Supporting information S6. At two sites (Amorbach and Sourhope), soil cores were taken in a W-shaped pattern (30 cm distance between cores; 3-5 replicates). Samples were separated by depth into 25-30 mm segments down to the bedrock (Sourhope) or up to 23 cm (Amorbach). Cores were dried overnight at 60 C and ground to a fine powder.
Samples of associated higher plants were also collected adjacent to soil cores, dried and ground. Isotope analyses were conducted by continuous flowisotope ratio mass spectrometry (CF-IRMS), using an automated N/C analysis-mass spectrometry (ANCA-MS) system (Europa 20/20, Crewe, UK) at Lancaster, North Wyke, by Conflo III Interface. Recent samples from Italy, Liguria, La Palma and northern Bavaria were analysed at the Bayreuth University (for details refer to http://www.bayceer.unibayreuth.de/ibg/en/ausstattung/geraet/geraet_detail.php? id_obj=65905). Values were referenced against atmospheric nitrogen and V-PDB limestone standards.
C analysis
To obtain basidiocarp samples corresponding to a period when atmospheric radiocarbon ( 14 C) levels were elevated, three Hygrophoraceae samples were chosen from the Mycological Herbarium at the Royal Botanic Gardens (RBG), Kew. Samples were taken from grassland sites but avoided urban areas, where the 14 C-dead CO 2 from localized fossil fuel burning could cause distortion of data. The samples were analysed to quantify 14 C content. Basidiocarp cap segments were subjected to a weak acid wash (0.5 M HCl) to remove potential contaminants. The samples were then combusted in sealed quartz tubes and sample CO 2 cryogenically recovered, graphitised (Slota et al., 1987) C content relative to the oxalic acid international standard; (Stuiver and Polach, 1977) . Radiocarbon concentrations were used to determine the age of initial carbon fixation from the atmosphere by matching sample percentage modern results with a record of atmospheric 14 C content over the last 60 years. This calibration was performed using 'Calibomb' software (Reimer et al., 2004) using the northern hemisphere atmospheric 14 CO 2 dataset (Levin et al., 2008) .
